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Abstract
substrate tor the microbiota that live in the lower part of the intestine, essentially ileum 
and caeca. Dysbiosis can be defined as an unfavourable shift in the intestinal microbiota, 
leading to inflammation. It can be due to incomplete digestion of feed, leading to digestible 
nutrients becoming available to the microbes. In the immature gut ecosystem of the broiler, 
also insufficient capacity of the developing microbiota to break down the plant cell wall 
polysaccharides is an issue. Therefore, strategic use of NSP degrading enzymes (NSPases), 
prebiotics, and any other interventions supporting this functional segregation between 
the upper and the lower gastrointestinal tract, will reinforce a healthy microbiome. This 
microbiome has beneficial effects on the absorption and utilization of nutrients.
5 The world population has grown tremendously over the last 100 years. Nevertheless, death 
|- toll from great famines today is much lower than ever before in human history. This is to a 
i ippil large extent achieved through improvements in agricultural techniques and productivity. 
Over that same period of time, the per capita consumption of meat has increased. Meat is a 
if|t valuable source of essential nutrients, contributing to a balanced diet, especially for people 
§1® in developing countries. In the last 50 years, the increase in meat consumption per capita 
Kyis mostly covered by poultry meat. This expansion in poultry meat production was made 
Sil| possible by the genetic selection of commercial broiler breeds for better feed conversion, 
THKjaaily weight gain and breast yield, and by the worldwide organisation of standardised feed 
Ha&Production and transport systems. Improvements in poultry housing and brooding, and 
JgKjPrograms for health monitoring and control have additionally helped to make poultry 
Slillgpeat an affordable source of valuable nutrients for many people throughout the world.
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have evolved with the expansion of animal production, with many skilled and experienced 
nutritionists continuously improving their feed formulas. For many years the nutritionists 
have focused on designing highly digestible feed formulas that cover all the nutritional 
requirements of the birds at all stages of the growth cycle. In this context, the indigestible 
fraction of the feed was considered as a burden, diluting the nutrient density of the feed. 
This indigestible feed fraction is mostly composed of non-starch polysaccharides (NSP) 
of plant origin, comprising cellulose, arabinoxylans, beta-glucans, mannans and various 
related polymer sugars (Bach Knudsen, 1997). Under physiological conditions, these NSP 
are the major substrates used by the microbes in the ceca of the chickens. In recent years 
there is a growing interest in these microbes that live in large numbers (up to 1011 per 
gram) in the lower part of the intestinal tract. Numerous experimental studies, especially 
in lab animal models, have demonstrated the important role of the gut microbiota in 
intestinal and general health of the host. It is well documented now, for example, that 
the intestinal microbiota plays an essential role in the induction of an active non­
responsiveness (tolerance) towards antigens present in feed/food (Nowak-Wegrzyn and 
Chatchatee, 2017). How exactly the microbiota exert these profound effects on the host 
is not fully understood, but it is clear that a number of end metabolites of the intestinal 
microbial metabolism, such as short chain fatty acids, are important interkingdom 
signalling molecules involved in this process (Sun et al, 2018). Amongst these short chain 
fatty acids, butyrate stands out as a powerful signal protecting intestinal mucosal integrity
(Guilloteau et al, 2010).
11.2 Health associated microbiota
The intestinal microbiota is composed of a wide spectrum of hundreds of different species, 
belonging to at least 5 different phyla. Microbial density is very low in the upper part of the 
intestinal tract (approximately 103 per gram), much higher in the ileum (approximately 
109 per gram) and the highest in the caeca (approximately 1011 per gram). Most of these 
microorganisms are considered harmless or even beneficial to the host, whereas others are 
known opportunistic pathogens and some are known to be frankly pathogenic, carrying 
a number of virulence genes in their genome. Early recognition of (potentially) harmful 
microorganisms by the innate immune system (and associated inflammatory response) of 
the host is essential for the protection of the intestinal barrier against microbial invasion 
and onset of disease. In contrast to the adaptive immune system, the innate immune system 
does not rely on immune memory acquired through previous contact with the pathogen. 
It does rely on the generic recognition of patterns that are common to all microorganisms 
within a certain category (e.g. lipopolysaccharides of all gram-negative bacteria, or 
peptidoglycan of all bacteria), by so-called Toll-like receptors (e.g. TLR-4 recognizing 
lipopolysaccharides), expressed at very strategic locations. The expression of the Toll-like 
receptors in the intestinal mucosa is at the basolateral surface of the epithelial cells, below 
the tight junctions. Therefore, tight junction integrity is key to intestinal health (De Santis 
et al, 2015). Any bacteria that break through the tight junctions is considered a threat, 
triggering the activation of a powerful innate immune response. Considering the huge 
surface area of the intestinal mucosa, it is highly likely that at least some tight junctions will 
be damaged at any given time point, thus implicating the risk of a continuous activation
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of the innate immune response. Therefore, it is accepted now that there is continuous low- 
level inflammation in the intestinal tract, for which the term physiological inflammation 
has been coined.
Several members of the intestinal microbiome can express virulence factors that directly or 
indirectly damage the tight junctions of the epithelial cells, thus indirectly contributing to 
enhanced intestinal inflammation. Fortunately, the vast majority of the microorganisms in 
the intestinal tract do not express virulence factors that damage epithelial tight junctions. 
Moreover, in the healthy caeca of broilers, the majority of the microorganisms belong to 
the strictly anaerobic Firmicutes (Clostridium clusters IV, XlVa and XVI). Considering 
their extreme susceptibility to the oxidative effect of oxygen, they can never become 
invasive or even come in close contact with the epithelium, due to the local oxygen tension. 
Moreover, most of them are butyrate producers. Butyrate is an end metabolite of bacterial 
metabolism that has profound effects on the host mucosa, including a powerful stabilising 
effect on the epithelial tight junctions (Guilloteau et al, 2010).
Health is the first prerequisite for optimal performance in broilers. Considering the 
important role of the microbiota in intestinal health, Torok et al. (2011) compared the 
microbiota of broilers across various feeding trials, in an attempt at identifying potential 
performance-related gut microbial taxa. Although such epidemiological association 
studies cannot show any causal relationships, they provide valuable clues for further 
verification using an experimental approach.
11.3 Shifting or steering the microbiome
The composition of the lumen as well as the mucosa associated microbiome is at least in 
part determined by the host (Van den Abbeele et al, 2011). In the mucus layer covering 
the mucosa, not only the polysaccharide network of the outer mucus layer, but also its 
content of secreted antimicrobial peptides, immunoglobulin A, peptidoglycan recognition 
proteins and a wealth of other host factors keep the intestinal microorganisms in check 
(Faderl et al, 2015; Royet and Dziarski, 2007). In the intestinal lumen, the composition 
of the microbiome is largely determined by the composition of the feed. As mentioned 
before, the microbes live essentially on the NSP in the feed. It is, however, not only the 
NSP fraction of the feed that influences the microbiota in the lower intestinal tract. 
Especially in the case of broilers, overfeeding and excessive protein content of feed 
leads to incomplete digestion and absorption of digestible nutrients, thus changing the 
substrate that is available for the microbes in the intestinal tract. The subsequent shift in 
the microbiota is generally designated as dysbiosis. Dysbiosis often is characterised by an 
expansion of microorganisms that are capable of triggering inflammation, such as many 
of the Enterobacteriaceae family (Zeng et al, 2017).
Even more subtle changes in feed formulation can trigger a dysbiosis-like shift in 
microbiota composition, leading to damage of the intestinal epithelium, shortening of the 
villi and an inflammatory response. Some years ago, we showed that the mere replacement 
of one source of starch (maize) by another (wheat and rye) can trigger such changes, most
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probably through the accompanying shift in NSP (Teirlynck et al, 2009). More recently, 
we replaced part of the protein from soybean meal by either more easily digestible (potato 
protein, corn gluten) or less easily digestible (sunflower seed meal, rapeseed meal) protein 
sources. The less digestible proteins passing down the lower intestinal tract induced a 
shift in the microbiota towards dysbiosis, as shown using quantitative polymerase chain 
reaction (q-PCR) for the quantification of genes encoding key enzymes in the metabolic 
pathways for butyrate synthesis (De Maesschalck et al, 2015). In both these studies effects 
on daily weight gain and/or feed conversion were observed.
11.4 Feeding for improved intestinal health
In the past, inclusion of low levels of antibiotics in the feed was common practice in the 
feed industry. It has been shown that these low levels of antibiotics shift the intestinal 
microbiome (Lin et al, 2013) while all other suggested modes of action are still hypothetical 
(Brown et al, 2017).
The European Union was one of the first to introduce a ban on these so-called growth 
promoting’ antibiotics in animal feed, as from the first of January 2006. Today, many 
countries around the world are following along the same lines. This initiative has boosted 
research trying to understand the mechanisms of host - microbiota - feed interactions as a 
prerequisite to the search for feed ingredients and additives that support intestinal health.
Since the microbiota in the caeca of chickens thrive on NSP and considering the 
physiological immaturity of the broiler even at slaughter age (38 days or even less), one 
could expect that providing pre-digested NSP might support the beneficial microbes in the 
broiler caeca. One such category of prebiotics are the xylooligosaccharides (XOS). In one 
study we showed that supplementing 0.5% of XOS (on top) to the grower feed improved 
both feed conversion ratio and body weight gain during the grower phase. The XOS were 
shown to support the growth of Lactobacillaceae which were cross-feeding lactate to the 
butyrate producing Lachnospiraceae (De Maesschalck et al, 2015). We concluded that the 
beneficial effects on performance could be largely explained by the enhanced production 
of butyrate in the caeca. These results underline the importance of availability of substrate 
for microbiota growth and metabolic activity in the caeca in broilers. It suggests that 
the microbiota of broilers is immature and cannot use the macromolecular complexes of 
the plant cell walls in the feed to their full potential. This also explains why non-starch 
degrading enzymes (NSPases) that break down the complex macromolecular matrix of 
plant cell walls into oligomers can support intestinal health in broilers. We recently showed 
that endoxylanases added to a corn or a whole wheat substrate release oligomer xylans 
of between n=15 to n=30 that are converted by the intestinal microbial community into 
butyrate (Ravn et al, 2018; Yacoubi et al, 2018). Taking one step further back, we could 
show that even the mere physical reduction of the feed particle size can be sufficient to 
make the NSP more accessible for the intestinal microbiota. Indeed, wheat bran that was 
reduced in particle size to an average of 280 pm was preferentially colonised by a butyrate 
producing community of microorganisms and could support the butyrate production 
in the caeca in broilers (Vermeulen et al, 2018). One remaining controversial issue is
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how butyrate, which is produced in the caeca (and ileum), can exert beneficial effects 
on villus length, tight junction integrity and absorption of nutrients at the level of the 
small intestine. At least part of the answer was given in the study by Yacoubi et al. (2018). 
Here, we showed that increased butyrate production was associated with a significantly 
increased density of L-cells. These L-cells are known to express butyrate receptors on 
their surface. They are endocrine cells, secreting mostly glucagon-like peptide 1 (GLP-1)
and GLP-2. The latter is known to stimulate growth and differentiation of small intestinal 
epithelial cells.
11.5 Conclusions
There is a continuous low level of (physiological) inflammation in the intestinal tract, 
which normally is kept in check by the production of high amounts of butyrate in the 
caeca. The substrate for intestinal microbiota multiplication and metabolic activity is 
NSP from dietary fibre. Considering the importance of the (ileal and) caecal microbiota 
for intestinal health, feed formulas lacking dietary fibre probably are the most important 
threat to intestinal health. However, even in the presence of sufficient dietary fibre, a 
shift in the microbiota away from the butyrate producing Firmicutes may also upregulate 
inflammation. It appears that the physical form and the composition of the dietary fibre 
are also a matter. Therefore, especially in young broilers with an immature microbiome, 
NSP degrading enzymes may support intestinal health by providing more easily accessible 
NSP to the ileal and caecal microbiota.
References
Bach Knudsen, K.E., 1997. Carbohydrate and lignin contents of plant materials used in animal feeding. Animal 
Feed Science and Technology 67:319-338.
Brown, K., Uwiera, R„ Kalmokoff, M., Brooks, S. and Inglis, D„ 2017. Antimicrobial growth promoter use in 
livestock: a requirement to understand their mode of action to develop effective alternatives. International 
Journal of Antimicrobial Agents 49:12-24.
De Maesschalck, C, Eeckhaut, V., Maertens, L, De Lange, L., Marchal, L., Nezer, C., De Baere, S., Croubels, 
S., Daube, G., Dewulf, J„ Haesebrouck, F„ Ducatelle, R., Taminau, B. and Van Immerseel, F., 2015. Effects 
of xylo-oligosaccharides on broiler chicken performance and microbiota. Applied and Environmental 
Microbiology 81:5880-5888
De Santis, S., Cavalcanti, E., Mastronardi, M., Jirillo, E. and Chieppa, M., 2015. Nutritional keys for intestinal 
barrier modulation. Frontiers in Immunology 6:612.
Faderl, M., Noti, M., Corazza, N. and Mueller, C, 2015. Keeping bugs in check: the mucus layer as a critical 
component in maintaining intestinal homeostasis. International Union of Biochemistry and Molecular 
Biology 67:275-285.
Guilloteau, R, Martin, L., Eeckhaut, V, Ducatelle, R., Zablieski, R. and Van Immerseel, F., 2010. From the gut 
to the peripheral tissues: the multiple effects of butyrate. Nutrition Research Reviews 23:366-384.
Lin, J., Hunkapiller, A., Layton, A., Chang, Y.-J. and Robbins, K., 2013. Response of intestinal microbiota to 
antibiotic growth promoters in chickens. Foodborne Pathogens and Disease 10:331-337.
The value of fibre - engaging the second brain for animal nutrition 197
R. Ducatelle et al.
Nowak-Wegrzyn, A. and Chatchatee, R, 2017. Mechanisms of tolerance induction. Annals of Nutrition & 
Metabolism 70:7-24.
Ravn, J., Glitso, V., Petterson, D., Ducatelle, R., Van Immerseel, F. and Pedersen, N., 2018. Combined endo- 
beta-l,4-xylanase and alpha-L-arabinofuranosidase increases butyrate concentration during broiler cecal 
fermentation of maize glucurono-arabinoxylan. Animal Feed Science and Technology 236:159-169.
Royet, J. and Dziarski, R., 2007. Peptidoglycan recognition proteins: pleiotropic sensors and effectors of 
antimicrobial defences. Nature Reviews Microbiology 5:264-277.
Sun, M„ Wu, W., Chen, L, Yang, W., Huang, X., Ma, C, Chen, F., Xiao, Y., Zhao, Y, Ma, C, Yao, S., Carpio, V., 
Dann, S., Zhao, Q., Liu, Z. and Cong, Y., 2018. Microbiota-derived short-chain fatty acids promote Thl 
cell IL-10 production to maintain intestinal homeostasis. Nature Communications 9:3555.
Teirlynck, E., Bjerrum, L, Eeckhaut, V., Huyghebaert, G„ Pasmans, E, Haesebrouck, E, Dewulf, J., Ducatelle, 
R. and Van Immerseel, E, 2009. The cereal type in feed influences gut wall morphology and intestinal 
immune cell infiltration in broiler chickens. British Journal of Nutrition 102:1453-1461.
Torok, V.A., Hughes, R.J., Mikkelsen, L.L., Perez-Maldonado, R., Balding, K., MacAlpine, R., Percy, N.J. 
and Ophel-Keller, K., 2011. Identification and characterization of potential performance-related gut 
microbiotas in broiler chickens across various feeding trials. Applied Environmental Microbiology 
77:5868-5878. https://doi.org/10.1128/AEM.00165-11
Van den Abbeele, R, Van de Wide, T., Verstraete, W. and Possemiers, S., 2011. The host selects mucosa land 
luminal associations of coevolved gut microorganisms: a novel concept. FEMS Microbiology Reviews 
35:681-704.
Vermeulen, K., Verspreet, J., Courtin, C, Haesebrouck, E, Baeyen, S., Haegeman, A., Ducatelle, R. and Van 
Immerseel, E, 2018. Reduced-particle-size wheat bran is efficiently colonized by a lactic acid-producing 
community and reduces levels of Enterobacteriaceae in the cecal microbiota of broilers. Applied and 
Environmental Microbiology 84:e01343-18.
Yacoubi, N., Saulnier, L., Bonnin, E., Devillard, E., Eeckhaut, V., Rhayat, L, Ducatelle, R. and Van Immerseel, 
E, 2018. Short-chain arabinoxylans prepared from enzymatically treated wheat grain exert prebiotic effects 
during the broiler starter period. Poultry Science 97:412-424.
Zeng, M., Inohara, N. and Nunez, G., 2017. Mechanisms of inflammation-driven bacterial dysbiosis in the 
gut. Mucosal Immunology 10:18-26.
198 The value of fibre - engaging the second brain for animal nutrition
